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In the field of sedimentation, researchers have been 
frequently confronted with the problem of. separating fine 
sediments into different sizes. During the last two 
decades, much effort has been extended on the size analysis 
of sediments and numerous reports on methods of sediment 
size analysis have been published. Among these various 
methods, sieve analysis and V.A. Tube analysis developed 
by the U.S. Geological Survey have been found to be quite 
adequate for the analysis of coarse and medium sand of 
diameter larger than 0.1 mm ( 1 ). For fine sand analysis, 
some methods, such as decantation, elutriation, and 
incremental ( 2 ), are available and they are considered 
1 
satisfactory. 
In recent years, critical laboratory studies have 
emphasized many subjects in the field of sedimentation. 
Due to uncertainties of the effect of the grading and the 
representative diameter of mixed sand, uniform sand has 
often been used for these studies in order to avoid 
reaching inaccurate conclusions. A large quantity of 
uniform sand of specified size is, therefore, needed 
for this purpose. Uniform sand is usually not available 
naturally and it must be obtained by means of separating 
natural sand. Uniform sand of larger size can be obtained 
1 
by sieving, however, a practical device is not available 
for separating a large quantity of fine uniform sand. 
Hence, the need for development of a rapid, accurate and 
reliable device for a mass production of fine uniform 
sand is apparent. Hopefully, the same device may also 




REVIEW OF LITERATURE 
3 
Methods for the analysis of particle.size are numerous. 
Many of these methods only represent minor variations of 
fundamental techniques, some made a slight modification of 
established apparatus, and some were developed merely for 
analysis of special materials. It is virtually impossible 
for any single worker to have personal experience with 
every device. In this paper, only a brief review of the 
various methods which are closely related to the proposed 
apparatus is presented. More detail and extensive review 
of the methods of particle size analysis of fine-grained 
sand, can be found in the reference bibliography given in 
the appendix of this thesis. 
Direct measurement of the size of fine sediments 
through the aid of microscopes has been largely replaced 
by more rapid methods ( 2 ). The present usage of 
microscopies is confined, for the most part, either to 
check the more rapid but indirect methods, or to determine 
accurately particle size in special experimental studies. 
The indirect methods are mostly based on the principle 
of settling velocity of the sediments in liquid. According 
to their means of separation and measurement, these methods 
4 
can be grouped in the following categories: 
(a )' Decantation methods 
(b )  Elutriation methods 
(c) Incremental methods 
(d ) Centrifugal methods 
( e )  Optical methods 
Decantation methods 
Decantation methods ( 3 )  of size analysis are among 
the oldest techniques. In the method of decantation the 
sediment is dispersed uniformly throughout the sedimentation 
medium and then after a certain period of time, the liquid 
is decanted to a certain depth. All particles with a fall 
velocity exceeding a certain value will have settled to the 
bottom. At that instant the supernatant liquid is decanted 
or siphoned off, and clear water poured in. The decanted 
liquid will only contain particles finer than a certain 
size. By the repetition of this process a. practically 
complete separation of the material into different size 
may be made. 
Though the decantation methods have a number of 
features that make it especially favorable in the analysis 
of fine sediments, it is laborious unless special equipment 
is devised to carry on the decantation more or less 
automatically. 
Elutriation methods 
Elutriation ( 4) is a process of grading particles 
by means of an upward current of fluid, usually water or 
air. The grading is carried out in a series of vessels, 
usually of cylindro-conical form and of successively 
increasing diameter. Hence the fluid velocity decreases 
·in each stage, the coarsest particles being retained in 
the smallest vessel and relatively finer particles in the 
following vessels. That is because the particle settling 
velocity varies with the size of the particle. 
In the method of elutriation, the establishment and 
maintenance of uniform velocity over the entire cross 
section of the tube is the most important factor to 
consider and most difficult to control. Due to the 
viscosity of the fluid a parabolic velocity distribution 
usually exists in the small-diameter tubes. Since the 
upward force on the particle depends on its axial position 
in the tube, the separation of particles is not accurate 
in elutriation methods. 
Incremental methods 
The most common two methods in this category are 
Pipette ( 5) and Hydrometer ( 6 ). 
5 
In the pipette method of particle size analysis, the 
concentration changes occurring within a settling 
6 
suspension are studied_ by removing samples of the suspension 
by means of a pipette. 
The principle of action or theory in the pipette method 
is very simple. After throughly dispersing the material 
throughout the suspending medium the particles-are allowed 
to settle. If H represents the distance from the top of 
the column to the point or elevation where the pipette 
sample is to be withdrawn, then, after a time t1 all 
particles with a settling velocity greater than H/t1 will 
have settled past the withdrawal elevation. When another 
period of settlement has elapsed at time t2, then, all 
particles with a settling velocity greater than H/t2 will 
have settled past the withdrawal elevation, and so on. 
By determining the concentration of the consecutive samples, 
the size distrib�tion may be found. 
Theoretically, to function correctly the pipette 
should withdraw its sample instantaneously, removing a 
layer of infinitesimal thickness at the desired depth. 
Actually, it withdraws a sample from a somewhat spherical 
area rather than a very thin layer over the entire cross 
section. Besides, its use with very low concentration is 
questionable -because of the very small sample secured. 
The progressive decrease in density that occurs at 
any given elevation in a disperse sedimentation system can 
be correlated with the fall velocity of the particles. 
The measurement of this change in density is the basis of 
the Hydrometer size analysis method. Before the 
sedimentation process is allowed to start, the material 
7 
is thoroughly dispersed throughout the sedimentation 
container; then, the changes in density of the suspension 
at known depths are taken by using the hydrometer as the 
sediment particles settle out. From the series of readings, 
the size distribution may be determined. 
The particularly advantageous features of the 
hydrometer method are the simplicity of equipment, the 
rapidity of the analysis, and the easy interpretation 
of the data. However, there has been considerable 
discussion regarding its accuracy, sensitiveness and 
theoretical soundness. The features considered most 
objectionable are: 
a. The bulb extends over a portion of the 
sedimentation container and therefore indicates an average 
value of density rather than the density at a certain 
elevation. 
b. The common type of hydrometer sinks deeper as 
the density decreases and therefore measures the density 
over a changing height of column. 
c. The hydrometer tends to increase in weight 
because of particles settling on its shoulders. On the 
other hand, if removed after each reading and then 
immersed again, some disturbance is introduced into the 
sedimentation container. 
d. Rising currents, due to the fall of large particle 
at the start of the analysis, may produce abnormally high 
density readings until the currents subside. 
e. There is a decrease in relative sensitivity as 
the suspensions decrease in concentration. 
Centrifugal method 
Gravitational sedimentation techniques are limited 
to particles below about 5 microns in size due to the long 
settling time involved. In addition, most sedimentation 
devices suffer from the effects of convection, diffussion 
and browian motion. These difficulties may be reduced by 
speeding up the settling process by using centrifugal 
method ( 7 ). 
The centrifugal method allows rapid separation of 
very fine material. Yet weight measurements of the 
settled material during the analysis and calculation of 
size distribution are difficult due to the variation of 
8 
the centrifu·gal force with distance from the axis, that 
is, the settling speed of particles of the same size 
increases with increasing distance from the centrifuge 
axis. 
Optical methods 
The principle of optical methods is based on the 
volume of light transmitted or reflected by a given 
suspension which is a function of the concentration, 
the number, and the properties of the particles 
suspended in it ( 8 ). 
The particularly advantageous features of an optical 
method are the elimination of disturbances in the 
sedimentation cylinder and the rapidity and ease of 
securing the data because there are no samples to dry 
9 
and weigh. Unfortunately, light transmission and reflection 
are affected by the optical properties of the suspended 
material such as color, shape and surface condition. 
Hence the use of optical method has been limited. 
A critical inspection of the present status of sediment 
analysis in the United States and an extensive discussion 
on the methods available for size analysis has been done. 
The report and conclusion can be found in "Method of 
Analysis Sediment Samples" ( 9 ). As stated in this 
report, " ••• the greater number of the present methods 
are not sufficiently sensitive and accurate for analyzing 
fine sediment samples ••• ". Hence, a rapid,· accurate and 
reliable method is needed. 
These methods discussed above are mainly used for 
the analysis of fine sediment of a small amount and they 
are not capable of separating the samples into different 
sizes. Often, a sample withdrawn for each step of 
analysis contains a mixed group of sediment particles 
smaller than a certain size. A decanted liquid sample 
withdrawn for each step of decantation, for example, 
contains various sizes of particles finer than a certain 
size. As to a rapid and accurate method of separating 
a large quantity of finer sediment particles, so far as 





The indirect methods of determining sizes of particles 
are mostly based on the principle of settling velocity of 
the sediments in fluids. In the milling, ceramic, cement, 
abrasive and paint industries, a rough separation into 
various size grades is frequently accomplished in a rising 
column of air. In the field of geology, soils and river 
hydraulics,.water has been the most common medium, with the 
separation accomplished in either a stationary or ascending 
column. Whatever the medium and whatever the direction of 
flow, the principle is the same; namely, that particles 
of similar density tend to fall in a given fluid at a rate 
that is in relation only to the size and the shape of the 
particle. Since this is such a widely used basic principle 
of size analysis,. there is need in presenting a resume of 
the theory and number of formulas that have ·been developed. 
Fall of Particles in Fluids 
The resistance to motion of a particle immersed in a 
fluid and settling under its own weight can be any one or 
a combination of the following three different types of 
drag ( 10 ): ( a ) deformation drag, (b ) surface drag or 
( c )  form drag depending upon the interrelation of the 
characteristics of particle and fluid. 
For particles falling at a low velocity, inertial 
effects caused by steady movement of a particle are 
completely secondary to those of viscous effects; that is 
the resistance to motion is due entirely to the viscosity 
of the fluid. Stokes' law expresses the fall of particles 
under such condition and is applicable to particles 
12 
falling at low velocity. This type of resistance is called 
deformation drag. 
As fall velocity of a particle increases, inertial 
effects begin to become important and the region in which 
appreciable deformation occurs is limited to a thin fluid 
layer surrounding the particle, the resulting shear along 
the boundary surface then producing what is called surface 
drag. · 
The third .type of resistance, form drag, occurs when 
the relative fall velocity of the particle, the size and 
form of the particle, and the condition of the fluid are 
such that eddies are developed in the wake of ·the particle. 
A low pressure area behind the particle results in a force 
that opposes the motion. 
The Reynolds number has been advantageously used to 
determine the character of the resistance to motion which 
exists in a given case and so aids in the selection of the 
proper equation of fall velocity. This relation is 
presented in the next two sections. 
Fall of Particles Within the Range of Stokes' Law 
Stokes was the first to determine analytically the 
deformation drag encountered by a sphere falling steadily 
through a fluid as a result of its o·wn weight. 
For a sphere of diameter d, the fall velocity w is 
expressed as: 
( 1 ) 
where vis the kinematic viscosity, ¥ is specific weight 
of fluid, g is the acceleration of gravity, and Ys is 
the speci�ic weight of the sphere. 
The basic assumptions made in the derivation of 
Stokes' · law of settling velocity are: 
(a) The particle must be spherical, smooth and rigid, 
and there must be no slip between it and the fluid. 
(b) The particle must fall as it would in a fluid 
of infinite extent. 
(c) The fluid must be homogeneous compared with the 
size of the particle. 
{d) A constant settling velocity must·have been 
reached. 
261128 
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(e) The settling velocity must be low so that only 
viscous forces are involved. 
There is a maximum size of sphere, dependent upon 
the fluid and type of particle, beyond which the inertial 
effects begin to influence the resistance. In other 
words, the restriction placed upon the application of 
Stokes' law is that the resistance to fall must be due 
only to the viscosity of fluid. This condition is 
fulfilled only so  long as the Reynolds number, R=wd/4 is 
less than about 0.1. For this value the diameter of a 
quartz sphere in water at 20° C will be about 0. 05 mm. 
Fall of Particles Outside the Range of Stokes• Law 
The fall velocity over the entire range of Reynolds 
number in terms of the drag coefficient Ca is given by 
( 2 ) 
The drag coefficient in the Stokes range, that is R<O. l, 
will have the magnitude Cd= 24/R. For larger Reynolds 
numbers, Ca is still a function of R. Figure 1 shows 
the drag coefficient, Ca, for sphere as a function of R 
over a wide range of R-values ( 10 ). 
The correct fall velocities for quartz spheres, · 
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Figure 2. Fall Velocity of Quartz Spheres in 
Air and Water 
100 
determined by·u.s. Soil Conservation Service and the 
Cali'fornia Institute of Thcbnology, Pasadena, California 
( 11 ). These values are presented in Figure 2. If the 
fluid is either air or water and the sphere has a specific 
gravity of 2.65 relative to water, the fall velocity w 
can be read directly from the figure. 
Factors Affecting Particle Fall 
16 
Effect of shape of particle on fall velocity---Sediment 
grains are usually not truly spherical and their shape 
varies over a wide range from rod-like to sphere-like to 
disc-like. The inf'luence of particle shape of fall 
velocities is important and can not be entirely neglected 
in certain types of analysis. McNown ( 12 ) studies this 
problem using machined geometric shapes instead of natural 
particles. The· results of McNown 1 s studies for Reynolds 
number less than 0.1 are shown in Figure 3 in terms of 
resistance factor K, the shape factor S.F.=affec, and a 
length ratio b/c, where a is the shortest length of the 
three mutually perpendicular axes (a, b, c )  of the particle. 
K is defined by 
F = K( 3Jr).&Wdn) ( 3 ) 
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Shape Factor, a/oc 
Figure 3. Comparsion of Theoretical Values of 
K for Ellipsoids and Observed Values 
for Ellipsoids and Several Other Shapes 
for Reynolds Number Less Than 0.1 
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the terminal fall velocity, and dn is the nominal diameter. 
McNown defined the Reynolds number as R=wdn/� • 
Figure 4 shows McNown's graphs of K against R for large 
values of R for varies shapes. 
This problem was also studied by Alger and Simons 
( 15 ). The relationship between drag coefficient Cd and 
Re-ynolds number R with particle shape as a third variable 
is shown in Figure$. 
Size of sand is usually determined by sieving and 
is given in terms of sieve diameter because of the 
convenience of this method. The relation between standard 
fall diameter and sieve diameter for a range of grain 
shape factors for natural worn quartz particles is given 
in Figure 6 ( 13 ). Here the standard fall diameter is 
defined as the diameter of a sphere that has the same 
specific weight· and has the same standard fall velocity 
as the given particle. 
Effect of Sediment Concentration of Settlin8 Velocity-­
The fall velocity determined from Figure 1 and Figure 2 are 
for a single spherical particle in an infinite fluid. 
When there are a number of particles dispersed in a fluid, 
the fall velocity will differ from that �f a single 
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Figure 6. Relation Between Sieve Diameter, Standard 
Fall Diameter, and Shape Factor for 
Naturally Worn Sand Particles 
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If only a tew·closely spaced particles are in a fluid, 
they will fall in a group with a velocity that is higher 
than that of a particle falling alone. On 'the other hand, 
if particles are dispersed throughout the fluid, the in­
terference between neighboring particles will tend to 
reduce their fall velocity. This interference is said 
to hinder the settling. This problem has been studied 
theoretically and experimentally by McNown and Lin ( 14) 
whose theoretical results are shown in Figure 7 in which 
w0 is the settling velocity in clear fluid and We is the 
velocity in suspension of concentration C. 
The particles used by McNown and Lin were coarse 
enough so that no flocculation occurred. If a suspension 
of fine material is settling in quiescent fluid, the 
flocculation occurs by particles with higher fall 
velocities overtaking and capturing slower ones. Once 
two or more particles combine, they will settle as a 
group with higher velocity than any of the individual 
particles of the group falling alone. 
Fall of Particles Subjected to Horizontal Current 
The main principle involved in the proposed device 
is to expose falling particles to a horizontal flow. As 
falling particles in fluid are subjected to a horizontal 
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of the flow. The horizontal distances that the particles 
travel are related to the fall velocity and, hence, to 
the size of each individual particle. The finer particles 
will move farther downstream than the coarser particles 
and the separation of the particles according to their 
sizes will be accomplished. As the proposed device is 
designed to be operated in a continuous process, the 
-mass production of uniform sand of desired size is also 
possible. 
23 
If Y represents a vertical displacement of a particle, 
then, the time t for the particle to fall Y can be found 
by t=Y/w, in which the fall velocity w of the particle· 
is considered as a constant. When this particle is 
subjected to a unif'orm horizontal flow having a velocity 
v, then, the velocity of the particle v8 is the vector 
resultant of wand v. The horizontal displacement X 
oan be obtained by the following equation, 
X =Vt= vY/w ( 4 ) 
For a given particle of diameter d, the fall velocity w 
can be found by the methods mentioned above. If v and 
Y are f'ixed values, then, X can be computed by using 
Equation 4. On the other hand, by investigation the 
horizontal displacement of the particle, X, the size of 
the particle can also be determined. The application 




A model of the proposed device was made for the 
experimental purpose only. A picture of the equipment 
is shown in Figure 8 (a ) and the details of experimental 
materials, equipment, and test procedures are outlined 
in the following sections. 
Experimental Equipment 
The components of equipment used in this study 
consisted of the following: 
1. Model device: The model of the proposed device 
was made of transparent plexiglass. The dimensions of 
the device were 120 cm long, 60 cm high, and 6 cm wide. 
A 16xl6 cm square water tank was connected to the left 
end of the model device and the separating section was 
measured 62 cm long. A plastic rule was attached to the 
bottom of the separating section to measure the horizontal 
displacement of the particles. A sketch of this device is 
shown in Figure 9. 
2. Pump: A 67 watt water-tight pump was used to 
pump water from the water tank to the entrance of the 
device. The pump was set in the water tank on a adjustable 
bar as shown in Figure 8 (a). The location of the pump was 
adjusted to create a horizontal uniform flow throughout 
(a) Arrangement of equipment (1)  Model device 
2) Pump (3) Flow adjustor (4) Sand reeder 
(5) Particle recovery compartment 
(b) Components or quipment 
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the separating section. 
3. Flow adjustor: Since the accuracy of the test 
results depend largely on the uniformity of · the flow in 
the separating section, an adjustable screen was set at 
28 
the entrance of the device to distribute the flow uniformly 
across the section. The flow was kept steady during the 
test . 
4. Sand feeder : A 20 cm long of 0 .5 centimeter glass 
tube connected to a flexible tube of the same size was used 
as a sand feeder . It was held in the middle of the 2 inch 
standing tube by two stopcocks ,  as seen in Figure 8 ( b ) . 
The sand particles were injected through feeder by releas ing 
a stopper attached to the end of the feeding tube. 
5. Particle recovery compartment : In order to · test 
the reliability of the device, the experiment was repeated 
many times for each particle . Therefore the particle had 
to be recovered f6r each test to repeat the process. A 
particle collector was designed for this purpose. Twenty-eight 
pi�ces of 2x5 cm and 0 .5  cm thick plastic block  were pasted 
on a thin flexible belt 2 mm apart as shown in Figure 8 ( b ). 
The collector was laid on the bottom of the separating 
section. Since the horizontal velocity of the flow was 
very low and the blocks were small and pasted on the belt 
very tight, there was seemingly no noti ceable effect on the 
flow flowing through the separating section of the device. 
29 
Preparation of Test Particles 
The preparation of test particles for study is usually 
preliminary to their detailed analysis. Glass beads made 
by Cataphote Corporation, Jackson, Mississippi, were used 
as test particles, because they were commercially available 
and their shape is nearly spherical and they have a specific 
gravity of about 2 o 6 � The size of particle in this study 
was limited because of the small capacity of the pump and 
the shorter length of the separating section. Six different 
sizes of diameter O o 49, 0. 38 ,  0 . 28,  0.19, 0.11  and 0.09 mm 
were used in this study. 
Beside the flow characteristics, sucessful performance 
of the experimental test depends upon the existence of the 
sand as individual particles. Aggregation tend s to occur 
if the particles were predried. Flocculation seems to 
occur during the test period if the flow condition were 
disturbed. These were · actions that must be avoided or the 
experimental results would be inaccurate and - worthless. 
Particles smaller -than 0.1 mm in diameter were very 
hard to see with the naked eye . Therefore, for these, the 
particles were dyed with fluorescent dyes and a ultraviolet 
light was used to trace the particles . The particles were 
prepared by the following procedures . The dye was first, 
dissolved in acetone, then a very small amount of this 
solution was poured onto the particles to be d yed and the 
mixture was · st irred. until  completely dry and each particle 
was separated. The process was repeated if necessary 
until an adequate dye coating c ould be ver ified by 
inspect ing the dyed particles under ultraviolet light. 
Scope and P rocedures of Test 
The test included the following three phases : 
1. The reliability of the device was tested by 
repeating the same experiment for a single parti c le to 
see whether the partic le would be collected every time in 
the same c ompartment when the flow condition was kept 
unchanged. 
2. The experiments would then be c onducted on a 
group of equal size partic les to examine the reliability 
of the dev i·c e  while the interaction of the particles 
existed. Whether the most of the parti c les would be 
collected in the same c ompartment was the main c oncern 
of these experiments. 
3. Next , a group of parti cles of different sizes 
were used to test whether they c ould be separated 
ac cording to their sizes. 
The procedures for the preparation, testing, and 
data collec tion followed a systematic routine as follows : 
1. The .partic le rec overy c ompartment was set on the 
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bed of the collecting section first ; then the pump was turned 
on and the · screen was put into the flow and was adj usted 
to have a uniform velocity distribution in the separating 
section. The positions of the pump and the · screen were 
marked after a satisfactory condition was established. 
The model was then ready for running the test. 
2 .  Test particles were dropped into the device from 
the sand feeder. After particles reached to the bottom 
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of the feeder, they were sub jected to a horizontal flow , 
moving horizontally while falling at steady rates. When 
the particles reached the bottom of the separating section, 
horizontal displacements of the particles were read from 
the rule. Pull out the particle recovery compartment and 
pick up the tested particles. Reset all the equipments 
in · the initial position and repeat the procedures. 
Flow Characteri stics 
The efficiency of this proposed sediment separator 
depends mainly on the flow condition in the separating 
section ; the more the flow becomes uniform across the 
separating section, the more the separat ing action becomes 
accurate. After careful adjustment of the screen, a 
uniform horizontal flow in the separating section was 
established, the velocity was 1. 32 cm/sec over the most 
of cross sectional area except near the walls. 
Water ·temperature was kept in the range between 
24° C and 30° C for all run s . Although fall velocity of 
particle varies with water temperature ,  its ·variation in 
this range is not large and it can be cons idered as 
constant wi thout introducing too much error ( 13 ) .  
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CHAPTER IV 
DISCUSSION OF RESULTS 
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For testing the reliablity of the devioe, experiments 
were first conducted for single particles to see whether 
the particles would be collected in the same compartment 
when flow condition was kept unchanged. Six particles 
were tested one hundred times for each particle. The 
summary of results is shown in Table 2. It can be seen 
that the standard deviation becomes larger as the particle 
size gets smaller, 0. 22 cm for 0. 49 mm particles, 0. 25 cm 
for 0 . 38 mm particles, 0. 32 cm for 0. 28 mm partic les, 
0. 40 for 0. 19 mm particles, 2. 44 cm for 0. 11 mm particles, 
and 4. 37 cm for 0. 09 mm particles, and 3 . 8% for 0. 49 rrnn 
particles, 3 . 3% for 0. 38 mm particles, 2 . 95% for 0. 28 mm 
particles; 2. 6% for 0 .19 nnn particles, 6. 6% for 0. 11 mm 
particles, and 9 . 6% for 0. 09 mm part icles in percent. 
Figure 10 shows the frequency distribution curves of 
the horizontal displacement of the particles. The curves 
in Figure 10 also show that the range becomes larger as 
the particle size gets smaller. These phenomena are 
perhaps due to the fact that the flow is not exactly 
laminar and small turbulence created by the screen adj uster 
moves the particle up and down. The effect of this distur­
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Figure 10 . Frequency Distribution of Horizontal 
Displacements for Single Particle Tests 
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of partj_cle becomes smaller. In other words, the horizontal 
displacement of smaller particles in the separation section 
will be largely affected by the turbulence 6f  flow ; for the 
same flow condition, the scattering of the data for smaller 
particles is expected to be larger. The analytically 
predicted horizontal displacement of the partic les in 
Table 1 was computed by using Equation 4. The fall 
velocities were read from Figure 2 at 30° C curve. 
The relationships between the predicted values and 
experimental data were plotted in Figure 11. It can be 
clearly seen from Figure 11 that the value of the horizontal 
displacement of tested particles of 0 . 49 ,  0 . 38, 0 . 2 8 ,  and 
0. 19 mm sand was larger than the predicted values . The 
discrepancy in percent from theoretical one are 14%, 15%, 
18%, and 3 . 8% respectively. This discrepancy, perhaps, is 
due to the fact· that the tested particles were not truly 
spherical in shape and they fall in water slower than 
spherical particles . The effec t of shape becomes 
significant for particles larger than 0.1 nnn. Figure 5 
shows the relationship between drag coefficient, Cd, and 
Reynolds number, R, with particle shape as a third variable. 
The value of Cd is affected by the shape factor, especially 
when Reynolds number is larger than 0 . 1. The drag 
coefficient is smaller ror a sphere ( shape factor is 0. 1 )  as 
0 . 5  ,__..._...�-+--=---+-----+-----..-------1 
o Predicted Value 
□ Experimental Data 
0 . 3  t----..-�+-------+------+------+------t 
� 0 . 2  1-----...f-�---+-----+-----1-----'1 
'O 
10 20 30 40 
X (cm ) 
Figure 11 . Comparison of the Predicted and 
Experimental Horizontal Displacement 
or Particles 
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compared with an irregular particle ( shape factor is les s 
than l. O ) o  Since the fall velocity will decreas e  as drag 
coefficient Cd increas es, it can easily be seen that the 
horizontal displacement X increases as a partic le becomes 
irregular. Beside the above reason, the dis crepancy of 
the tes ted and theoretical values may be due also  to the 
fact that a partic le falls in turbulent flow s lower than 
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in still water . Since the flow in the s eparating section 
is turbulent and the curves in Figure 2 are plotted for 
particles falling in still water, fall velocity of particle 
in the separating section is lower and thus the horizontal 
displacement of the particle becomes larger as compared 
with the es timated value from Figure 2. It  is  shown in 
Figure 5 and 6 that the effect of shape of particle becomes 
les s important for Reynolds number les s than 0. 1 and 
particle s ize s maller than 0.1 mm in diameter. Therefore, 
the effect of particle shape can be igno red for 
s eparating very fine s and of which the diameter is les s 
than 0. 1 mm in this proposed method. 
The s econd phas e of this study was concerned with 
the effect of partic le concentratio n on  the performance 
of the device. For this, experiments were conducted on 
group of equal s ize particles to examine· the reliability 
of the device while the interaction among particles exis ted. 
Two different si ze part icles of diameter 0.49 mm and 
0. 38 mm were tested i n  thi s  phase.  Group 1 cons i s ted 
of 60 particles and Group 2 consisted of 189 particles of 
0 . 49 mm size particles. Group 3 cons is ted of 60 particles 
and Group 4 consisted of 260 particles of 0.38 mm size 
particles. Results of these tes ts were tabulated in 
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Table 3 and Table 4. Table 3 shows that the standard 
deviation or Group 2 is larger than the standard deviati on 
of Group 1, and the mean horizontal displacement of Group 1 
is smaller than that of the result of s ingle particle of 
the same size. Table 4 reveals the same. These . indicate 
that the interaction of particles did exist. Hence, in 
order to secure the best separation results of the dev i ce, 
it is recommended to inject particles i nto the device 
as slowly as possible.  
In order to see the interaction of particles,  the 
dis trib utions of parti cles for the tests for grouped 
particles were compared with those for the s i ngle particle 
of the equal sizes. The distributions in percent agains t 
the horizontal displacements of the particles for 0.49 mm 
and 0 . 38 mm-particle tests were plotted in Figure 12 and 
Figure 13 respectively. 
By comparing the mean horizontal di.splacement, it 
shows that the error o f  Group 1 is 8.2% and that of 
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Characteristics for 0 . 38 mm Particles 
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error of Group 4 is 7 . 6%.  From this study, to separate 
sediment particles of diameter larger than 0. 5 nun, no more 
than 60 particles are recommended per i_nj ection in order 
to keep the error within 10%. For separating very fine 
sediments of diameter less than 0. l mm, this limitation 
may be somewhat eased since the interaction of particles 
becomes insignificant for falling particles in groups when 
the siz e  of particles is small. 
Finally to test the efficiency of the device, sand 
of five various siz es was mixed to test whe ther they 
could be separated according to their sizes. 
The particle size used in this test and the number 
of particles contained in each group are tabulated in . 
Table 5 { a ) . The separating section was divided into five 
compartments according to the horizontal displacement of 
particle of each size. The displacement distance was 
estimated based on the results of single particle tests 
( Table 2 ). 
The results of tests are shown in Table 5 ( b ). As 
was expected, the particles dropped in downstream 
compartments were smaller than that dropped in the upstream 
compartments. In Run No. 1, 20 of 0. 49 mm particles were 
injected. Eighteen  of them were collected in compartment 1 
where they wer e expected to drop---one of each dropped in 
compartments 2 ,  and 3 . · The number of 0 . 11 mm particles 
injected to the device was 130. Among these, 95 particles 
dropped in compartment 4 where they were expected and 30 
particles were collected in compartment 5 . The discrepancy 
of the total number of particles was due to the error in 
counting and perhaps due also to the fact that some 
particles ( 5  particles ) were dropped on the downs tream 
side of compartment 5 and had never been recovered. 
Since the range of horizontal displacement for 
smaller particles is wider, the reliability of this device 
in separating smaller particles is greater . In other 
words, for separating some mixed fine partic�es of unknown 
size, the particles drop in between X=31. 2 to 55 . 3 cm, 
( compartment 4 and 5 ) ,  for example, are all between 0. 09 
to 0. 11 mm in size . The error in estimating size based 
on the horizontal displacement is smaller . For larger 
size particles on the other hand, a change in horizontal 
displacement due to change in partic le size is re latively 
small. For particles between 0.38 to 0 . 49 mm, for example , 
the horizontal displacement is betwe en 5 . 2  to 8.1 cm. It 
means that the s ize of a particle picked up in this d istance 
could be 0.38 mm or as large as 0 . 49 mm. Expressing the 
above figures in percent, 27 . 3% difference in horizontal 
displacement · results in as much as 12 . 5% error in estimating 
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the s i ze o f  coarser particle s . It s accuracy may be greatly 
improved if the separating section is designed larger, 
however, the cost of the device will be lncreased. 
Prior to actual use of this device for separating or 
analyzing fine particles, a series of detail tests for 
various flow conditions, water temperatures, and partic le 
shapes should be conducted to establish specificat ions 
and criteria . From these tests, a set of charts relating 
particle size and horizontal displacement for each 
corresponding condition can be obtained. With these 
charts, size of particle trapped in each compartment can 
be determined . 
CHAPTER V 
SUMMARY AND CONCLUSIONS 
From the analysis of the data collected from the 
experimental tests, the following conclusions can be 
drawn : 
1. With the aid of screens at inlet, the velocity 
distribution of flow in separating section can be 
ad justed uniformly over the section. 
2. The standard deviations, in percent of average value, 
of horizontal displacement for single particle tests 
were 3. 8, 3. 3, 3. 0, 2.6, 6 . 6 ,  and 9·. 6% respecti vely 
for d=0.49, 0. 38, 0. 28, 0. 19, 0. 11, and 0. 09 mm 
particle. The deviation became larger for smaller 
partic�e because of the existance of micro turbulence 
in the separating section. The effect of turbulence 
on a smaller particle is usually larger than that 
on a coarser particle. 
3. The difference in average horizontal displacement 
for single and grouped particle tests for 0. 38 and 
0. 49 mm particles was, on average, about 10%. For 
the grouped particle tests, 60 to 260 particles were 
injected all at once each time. In order to improve 
the performance of the device, therefore, slow in jection 
of particles is recommended, so that the interaction 
between particles may be eliminated. 
4. Error in estimating particle size by this device 
becomes smaller for particles of finer sizes. 
5. The accuracy of the device can be greatly improved 
by enlarging the separating section so that the 
mean velocity and the turbulence of flow can be 
reduced . However, the cost of construction will be 
increased. At any rate, the proposed device was 
found to be satisfactory for the •analysis of finer 
mixed particles and it was capable in separating 
mixed particles into subgroups of uniform sizes. 
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CHAPTER VI 
SUGGESTIONS FOR PRACTICAL USE OF THE DEVICE 
For the design of the proposed device for practical 
use in the future, the followings are suggested : 
1. Instead of using screen as a flow ad juster, a fine 
filter may be inserted at the entrance of the device 
to have a better uniform distribution of flow. 
2. An automatic sand feeder is needed to continuously 
inject sand particles with a slow constant s peed 
into the device. 
3. The particle recovery compartment shall be fixed at 
46 
the bottom of the device . Every collecting compartment 
shall be connected to some containers at the bottom 
to pick up sand of desired size easily from the 
device. 
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APPENDIX 
Table 1 
Theoretical Horizontal Displacement of Sphere Fall under 
Uniform Horizontal Current 
Size of Fall Fall Horizontal Horizontal Displacement 
Sand Distance Velocity Velocity 
(mm) Y ( cm) ·w ( cm/sec ) v ( cm/sec) X=vY/w ( cm) 
o.49 JO 1.9  1.32 s.02 
0. 38 30 6.1 1. 32 6.49 
0.28 30 4.3 1. 32 9.21 
0.19 30 2.6 1.32 1,.21 
0.11 30 1.17 1.32 33. 81 




Summary of Collected Data of Tested Particles 
� 
d=0.49 d=0. 38 d=0. 28 d=0.19 d=0.11 d=0.0 9  ., ) 
,., 
1 , . 1  7.5 11.0 15.4 38.0 48.5 
2 5.9 7 .4 10 .9  14.9  31. 3  51.0 
3 5 . 8  7 . 3  10.9  1s.o 37.1  47.5  
5.8 7.5 10. 5  15.9  38.o  47. 5  
5 .5 7.4 10.s  15.4 36. 3  53.0 
5.5 1 . 2 11.4  16.S 40.1  44. 3  
7 6.o 1.1 10.9  15. 7  3L.S 44.2 
8 6.1 1.1 10.9 1s.o  36.8 41. 2 
9 6.1  7.6 10. s 15.4 39.1 38.5  
10 5 .6 1.2 10.6 15. S 34. 5  43.0  
11 6.1 7.4 10.6 15.6 38. 7 40. 0  
12 5.9  7.9 10.8 14 . 8  35. 7 45.5 
13 5.6 1 .9 10.s 15. 3  35.9 48 .0 
14 5.6 1.3 10.7  15. 3 35.4 44.2 
15 5.6 1 . 1  10. 7 15.-2 35.1 49.S 
16 6.o 7. 8  11.0 15.3  34.l 42.5  
17 5. 1 7. 8  10. 8 15.3 37. 6  44.o  
18 5. 1 7.2 10. 5  14.9 33. 1 54.o 
19 5.9  7.2 10. 8 14.9 37.1 39.0 
20 5.9 7 .6 11.0  14.8 36.4 41.o 
21 5. 9  7. 8 10.9 15. 7  33. 2  49. 0  
22 5. 7 1 . 1  10.5 15. 3 39.1 45.o 
23 5 .6 1 . 6  10.4 15. 7 34.9 49.5  
24 5.6 7.5 11.0 15.1  37. 2 51. 0 
25 5.1 7.9 10. 8 15. 8  33 . 5  so. o  
26 5. 8 7.9 11.3 14.8  36 ·. 7 49.2 
27 5.6 7.4 11. 2 lS.4 36. 7 46. 3 
28 6.1 1.3 10. 8 15.6 39.1 42.1 
29 6.1 7.6 11.1  15.o 37.6  48.5 
30 5.5 7. 7 11 . 0  15.5  38. 2  47. 5  
31 5.8 7.1 11.4 15.3 34.7 47.1  
32 5.8 1 . 3  10. 7 15. 5  31. 5 · 40.6 
33 5. 5  1 . 1  11.4 15. 7  35.5 51. S 
34 6.o 7.6 10. 7 15.9 40.l  39.2  
35  5.9 7.9  10. 9  15.7 37.9 46. 1 
36 5.9 7. 5  10. 7 14.9 32. 3 42 .7  
37 5 . 9  7. 8  10 .3  15. 7  35.4  39 .5 
38 5 . 8 7.2 10.2  15.1 33.7 42. 7 
39 5. 5 7.5 10.4 15.3  38.5 4o. 5 
40 5.6 e .o 10.9 15.3 38 .4 51.5 
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Table 2. Continued 
d=0.49 d=-0. 38 da0.28 d=0.19 d=0. 11 d=0.09 
41 6.o 7.6 11.2 15.4 38.1 51.8 
42 S.8 7 .6 10.8 15. 3  37.6 54.2 
43 5 . 3  1 . 1 11.l 15.2 36 . 1  44.4 
44 5 . 1  7.6 10.6 15.5 34 . 6  · 53.5 
45 5.4 7. 1 10.8 16.2 34.6 46.3 
46 5 . 8 7 . 6- 10.4 15. 8  38.8 42.2 
47 5. 8 1 . 1  10. 2 15 . 6  35.6 44.3  
48 5 . 7 7.8  10.4  . 16.1 38. 3 42. 3 
49 5 . 2  7.6 10.8 15.8  40. 7 41.6 
50 5.9 7. 8  11. 3 15. 3  34. 7  40.2 
51 5.9 7.1  10 . 5  15.5 31. 8 36. 5 
52 5.8 7 . 7  11. 3 15.5 37.1 40. 8  
53 5 .6 8.1 11 . 2  16.1 39 . 5 46. 5 
54 5.7 7 .1  10 . 9 15.6 38.6 40.1 
55 5 .8 7.4 n.4 14.8 32 . 6  40.9 
56 5.7 7.9 11.0  15.4 37. 7  47.9 
51 .5.8  7. 6  10. 9  15 .o  39 . 2  42.2 
58 5 . 3  7.6 10. 3  14. 8  35 . 3 . 44.6 
59 5.4 7. 6 11. 0 lh. 8  39 . 5  43.3  
60 5 . 8 B . o  10 . 8  lh . 7 42 . 3 48 . 8  
61 5. 7 7.6  10.9  15 . 7  41. 3 35. 3 
62 5.9 7.4 11. 0  1.5. 6  38.4 48.8 
63 5 . 3  7. 3 10 .9  15.4 37.6 44.9 
64 5 .4 7.4 10. 4 14 . 8  35. 8  44.1 
65 5.4 1 . 5  10. 9  15 . 7  35.9 5o. 5  
66 5 . 5  1 . 1  10 .6  15.8  37. 3  48.6 
67 5 .9  1 . 6 10. 9 15. 5  4o.6 44 . 8  
68 5.8 1.5 11.l 15.1  36.4 42 . 1 
69 5.6 1 . 1  10.8  15. 3  37 . 8  51. 7 
70 5.3 1.9 11 . 3 15 . o  37· . 7 49 .6  
71 5.9 7 . 8  10 . 8  15.1  38 . 4 4L . 7  
72 6.o 8 . o  10. 7 15.6 37. 7  5o.5 
73 5 .9 s . o 10.5 15 . 1  36 . 5 53.6 
74 5.6 7. 3  10 . 5  15.4  41.4 43.1 
75 6.1 7. 7  11 . 3  15.o 36. 9 40 .1  
76 5.7 8.o 11. 2 15.5 36.1 46. 5  
77 6.1 1. 3 10 . 8  15 .4 38.9 48 . 3  
78 6 . 1 1. 1 11. 0 15.9 34 . 7  40 . l  
79 5.9 8 . o 10. 9 16.2 35 . 7  50.3 
80 5.7 7.6 11.1  16.0 41. 8 39.5  
Table 2. Continued 
d=0.49 
tn 5 .5  
82  5.6 
83 5 . 5  
84 6.o  
85  5.9 
86 5.h 
87 5 . 8 





93  5.9 
94 5. 7 
95 5. 7 







Ave. 5. 74 
STDV. 0. 22  
STDV .%  3.8% 
d=0.38 
7 .4 
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Frequency Distribution of Horizontal Displacement 
for o.49 mm Particles  
Frequency Frequency 




4 .o 2 l 
4.1 4 2 .1 
4 .2 3 1.6 
4.3 6 3.3 1 1 
4.4 7 3.9 1 1 
4. 5 9 5 1 1 
4 .6  10 5.5  2 3 
4.7 14 7.8 2 3 
4. 8 15 8.3 3 5 
4 .9 18 10 4 6 
s .o  14 7.8 5 8 
5 .1  14 7 . 8 5 8 
5 .2 12 6. 1 6 10 
5. 3 10 5.5 5 8 
5.4 9 5 5 8 
5.5  1 3.9 4 6 
5. 6  6 3. 3 4 6 
S . 7  4 2.1 3 5 
5.8 4 2.1 2 3 
5.9 3 1. 7 2 3 
6 .o  2 l 2 3 
6.1 2 l 1 1 
6.2 1 1 1 
6.3 1 l 
X cm 4.893 5. 272 




Frequency Distribution of Horizontal Displacement 
for 0 . 38 mm Particles 
X cm 
Frequency Frequency 
N=260 % Distribution N=60 % Distribution 
5 . 3 l 
5 .4 1 
5 .5  1 
5.6 1 
5 . 7  2 
5 .8 3 
5.9 . 4 1 l 
6 .o  7 2 1 1 
6 .1 7 2 2 3 
6 .2 10 2.6 2 3 
6 .3 12 4 .5 2 3 
6 .4 11 4.2  2 3 
6.5  12 4. 5 2 3 
6 .6 13 5 3 
6 . 7 13 5 3 5 
6. 8 15 5. 8 3 5 
6.9 15 5 . 8  4 6 
1 .0 15 5 . 8 ') 5 ) 
7.1 11 4 .2 Li 6 
7. 2 12 4 .5 4 6 
7 . 3  13 5 4 6 
7 .h 11 4.2 i� 6 
7.5 9 l l+ 6 
1 .6 8 1 3 5 
7 . 7  6 1 3 5 
7 . 8 6 2 3 
1 .9 5 1 1 
8 . o  5 1 1 
8.1 5 1 1 
8. 2 4 1 
8. 3 4 
8.4 3 
8 . 5  4 
8 .6 3 
8 . 7  2 
8.8 ?. 
8 .9 1 
9.0 1 
9 .1 1 
. 2  1 
X 1.014 1 . 058 
STDV. 0. 718 o.556 
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TABLE 5 
Separation Efficiency of the Proposed Devic e 
(a )  Numbers of particle used in the test 
particle 
Run size o .49 mm 0 . 38 mm 0 .28 mm 0.11 mm 0 .09 mm 
No. 
No . 1 20 20 20 130 1,0 
No. 2 10 10 10 150 180 
No. 3 5 .5 5 200 220 
(b) Particles collected in each c ompartment 
Number of Particles 
Compartment Size of Particle Run No. 1 Run No. 2 Run No. 3 
X cm d (nm1) 
Ooh9 1e e 5 
No. 1 0 . 38 3 1 
0 .28 1 
5.2-6.1 cm 0 . 11 
0 .09 
o.49 1 2 
No . 2 0 . 38 15 8 5 
0 . 28 2 
7 .1-8 .1 cm 0.11 
0 . 09 
o.J..i9 1 
No. 3 0.38 2 1 
. 0 . 28 15 7 L. 
10.2-11 .6 cm 0 . 11 
0 .09 
o.ti9 
No . 4 0.38 
0.28 
31.2-41. 3 cm 0 .11 95 110 155 
0.09 35 L.o so 
O o49 
No. 5 O o 38 
0.28 
41.3-55.3 cm 0 . 11 30 35 45 
0.09 110 13.5 200 ---·-· --
